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We present a process for the construction of a SWAP gate which does not require a composition
of elementary gates from a universal set. We propose to employ direct techniques adapted to
the preparation of this specific gate. The mechanism, based on adiabatic passage, constitutes a
decoherence-free method in the sense that spontaneous emission and cavity damping are avoided.
PACS numbers: 03.67.Lx, 32.80.Qk
I. INTRODUCTION
The perspective of a high computational power gene-
rates intense efforts to build quantum computers. The
quantum logical gates, which are one of the essential
building blocks of a quantum computer, have received a
lot of attention. They act on qubits, whose states ideally
should be insensitive to decoherence, easily prepared and
measured. Moreover, the construction of logical gates re-
quires a robust mechanism with respect to fluctuations of
experimental parameters. The usual approach consists in
creating a set of universal gates [1] such that all logical
quantum gates can, in principle, be obtained from the
composition of gates belonging to this set. The universal
sets {U2} [2] and {U1, CNOT} [3] where UN is a general
unitary matrix in SU(2N) have played a central role in
quantum computation. However, this generic construc-
tion usually requires compositions of many elementary
gates. This entails an accumulation of decoherence and
of other detrimental effects, which become a considerable
obstacle for a practical implementation.
In this paper, we propose a technique to build a fast
SWAP gate obtained by a scheme based on adiabatic
passage with an optical cavity. It does not use the com-
position of gates but aims instead at the construction of
a specific gate in such a way that losses and decoherence
effects remain as small as possible. This direct method is
faster, i.e. it involves considerable fewer individual steps
than the composition of elementary gates build indepen-
dently. It is thus less exposed to losses and decoherence
processes.
We chose a representation of qubits by atomic states
driven by adiabatic fields in a configuration that is par-
ticularly insensitive to decoherence. Indeed, the decoher-
ence due to spontaneous emission can be avoided if the
dynamics follows a dark state, i.e. a state without com-
ponents on lossy excited states. Moreover, the adiabatic
principles provide the robustness of the method with re-
spect to partial knowledge of the model and against small
variations of field parameters. To implement the gates in
a robust manner, one has to control precisely the param-
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eters that determine the action of the gates. We therefore
do not use dynamical phases, requiring controllable field
amplitudes, nor geometrical phases, requiring a control-
lable loop in the parameter space [4, 5, 6, 7]. We use
instead static phase differences of lasers, which can be
easily controlled experimentally.
In this context of atomic qubits manipulated by adi-
abatic laser fields, a mechanism has been proposed in
Ref. [8] to implement by four pulses all one-qubit gates,
i.e. a general unitary matrix U1 in SU(2) in a tripod
system [4, 5]. In Ref. [9], five-level atoms are fixed in
a single-mode optical cavity and are addressed individu-
ally by a set of laser pulses [10]. The authors proposed
sequences of seven pulses to build a two-qubit controlled-
phase gate [C-phase(θ)] and a two-qubit controlled-NOT
gate (CNOT). The configuration of the five-level atoms
is defined by adding a second excited state to the tripod
system (see Fig. 2(a)). Since in the tripod, all one-qubit
gates can be constructed [8], one thus have a mecha-
nism to implement the universal set {U1, C-phase(θ)}
[11] from which all quantum gates can be deduced. For
instance, the SWAP gate, which interchanges the val-
ues of two qubits, requires three CNOT gates [12], or
can be decomposed into six Hadamard gates and three
C-phase(pi) gates (see Fig. 1), which corresponds to at
least twenty-one pulses in this system.
Since in the experimental implementation of each gate
there are always losses, due to uncontrolled interactions
or decoherence, it is useful to design direct implemen-
tations of specific gates instead of relegating them to a
superposition of many elementary gates.
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FIG. 1: Decomposition of the SWAP gate from C-phase(pi)
gates and Hadamard (H) gates on the two qubits.
2II. SYSTEM
We propose an alternative mechanism based on adia-
batic passage along dark states for the construction of the
SWAP gate, which compared to the composition into C-
phase and Hadamard gates, or into CNOT gates of Ref.
[9], has the advantage to involve a much smaller number
of pulses and thus to operate in a shorter time. This
mechanism is decoherence-free in the sense that, in the
adiabatic limit and under the condition of a cavity Rabi
frequency much larger than the laser Rabi frequency, the
excited atomic states and the cavity mode are not popu-
lated during the dynamics. We emphasize that the goal
here is not to create an alternative universal set of gates
offering the possibility to construct an arbitrary gate, but
to prepare specific logical quantum gates in a fast way.
We assume that the atoms are fixed inside an opti-
cal cavity (Fig. 2(b)). The proposed mechanism is im-
plemented in the five-level extension of the tripod-type
system in which the universal gate of Refs. [8, 9] can be
implemented (Fig. 2(a)).
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FIG. 2: (a) Schematic representation of the five-level atom.
Arrows show the laser (full arrows) and cavity (dashed ar-
rows) couplings to perform the swap gate (thick arrows) and
the general one qubit gate (thin arrows). (b) Representation
of the atomic register trapped in a single-mode optical cav-
ity. The atoms are represented by circles, the laser fields by
dashed arrows.
We will use a notation, e.g. in Fig. 2 and 3, involving
two kets: the left one labels the state of the atoms (a
single or a pair) and the right one the photon number
of the cavity field. The three ground states (for instance
Zeeman levels) |0〉|0〉, |a〉|0〉 and |1〉|1〉 are coupled to the
excited state |e〉|0〉 respectively by two lasers associated
to the Rabi frequencies Ω0 and Ωa, and by a single mode
cavity associated to the Rabi frequency g. The upper
state |u〉 is only used to implement a general one-qubit
gate. We assume that the polarizations and the frequen-
cies are such that each field drives a unique transition
by a one-photon resonant process. As a consequence,
the Stark shifts, which would add detrimental phases,
can be here neglected. (Some estimates are presented
below.) The atomic states |0〉 and |1〉 represent the com-
putational states of the qubit. The ancillary state |a〉
will be used for the swap operation. The atomic register
is fixed in the single-mode optical cavity (see Fig. 2(a)
(b)). Each atom (labelled by k) of the register is driven
by a set of two pulsed laser fields (Ω
(k)
0 (t) and Ω
(k)
a (t))
and by the cavity mode g(k) which is time independent.
III. MECHANISM
We propose a mechanism to prepare a SWAP gate with
the help of a simple interaction scheme. The SWAP gate
acts on two qubits as follows. The initial state |ψi〉 of the
atoms in the cavity, before interaction with the lasers, is
defined as
|ψi〉 = α|00〉|0〉+ β|01〉|0〉+ γ|10〉|0〉+ δ|11〉|0〉, (1)
where the indices s1, s2 of the states of the form |s1s2〉|0〉
denote respectively the state of the first and second atom,
and |0〉 is the initial vacuum state of the cavity-mode
field. α, β, γ, δ are complex coefficients. The swap gate
exchanges the values of the two qubits leading to the
output state
|ψo〉 = α|00〉|0〉+ γ|01〉|0〉+ β|10〉|0〉+ δ|11〉|0〉. (2)
The main idea to construct this gate is represented in Fig.
3. It consists of exchanging the values of the qubits by
the use of an ancillary ground state. Adiabatic passage
along dark states (i.e. with no components in the atomic
excited states and a negligible component in the excited
cavity states) will be used.
The four steps can be summarized as follows:
Step (1): The population of |10〉|0〉 is completely trans-
ferred into |a1〉|0〉 by the use of two resonant pulses Ω(1)a ,
Ω
(2)
0 switched on and off in a counterintuitive pulse se-
quence (i.e. Ω
(1)
a before Ω
(2)
0 .) After the interaction, the
state becomes
|ψ1〉 = α|00〉|0〉+ β|01〉|0〉+ γ|a1〉|0〉+ δ|11〉|0〉. (3)
Step (2): With a similar technique, the population of
|01〉|0〉 is transferred into |10〉|0〉 by the use of the coun-
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FIG. 3: Schematic representation of the four steps of the cons-
truction of the SWAP gate. For each step, the intial state
is represented by an empty circle whereas the final state is
symbolised by a full black circle.
terintuitive sequence of two pulses Ω
(2)
0 , Ω
(1)
0 leading to
the state
|ψ2〉 = α|00〉|0〉+ γ|a1〉|0〉+ β|10〉|0〉+ δ|11〉|0〉. (4)
Step (3): The population of |a1〉|0〉 is transferred into
|1a〉|0〉 by the use of the sequence Ω(2)a , Ω(1)a giving
|ψ3〉 = α|00〉|0〉+ γ|1a〉|0〉+ β|10〉|0〉+ δ|11〉|0〉. (5)
Step (4): The population of |1a〉|0〉 is transferred into
|01〉|0〉 by the use of the sequence Ω(1)0 , Ω(2)a . As a result,
the system is in the state
|ψ4〉 = α|00〉|0〉+ γ|01〉|0〉+ β|10〉|0〉+ δ|11〉|0〉, (6)
which coincides with the output state of the SWAP gate.
In what follows, we give the instantaneous eigenvectors
connected with the initial condition and that are thus
adiabatically followed by the dynamics for the four steps.
We show that they are associated to dark states with no
component in the atomic excited states and a negligible
component in the excited cavity states.
Since the lasers do not couple the atomic state |1〉, the
state |11〉|0〉 of the initial condition (1) is decoupled from
the other ones. The other states of (1) are connected to
two orthogonal decoupled subspaces denotedH7 andH16
of dimension 7 and 16 respectively. For each step, one
ground state |0〉 or |a〉 of each atom is coupled by a laser
field to the excited state, and the other one is not coupled
to the excited state. To summarize the calculation of the
instantaneous eigenstates for the four steps, we introduce
the following notation : the state coupled by a laser field
is labeled |L(i)〉 (|0(i)〉 or |a(i)〉) and the non-coupled state
|N (i)〉 (|a(i)〉 or |0(i)〉). The index i = 1, 2 labels the atom
i. The instantaneous eigenstates in each subspaceH7 and
H16 can be characterised as follows: in H7, the states
|N (1)1〉|0〉 and |1N (2)〉|0〉 are not coupled by the lasers
and thus do not participate to the dynamics. Only the
atomic dark state (i.e. without component in the excited
atomic states) [10]:
|φ7〉 ∝ g(1)Ω(2)|L(1)1〉|0〉+ g(2)Ω(1)|1L(2)〉|0〉
−Ω(1)Ω(2)|11〉|1〉, (7)
(where the normalisation coefficient has been omitted)
participates to the dynamics. The first step, associated
to L(1) ≡ a, L(2) ≡ 0, Ω(1) ≡ Ω(1)a , Ω(2) ≡ Ω(2)0 leads
to the initial and final connections symbolically written
as |10〉|0〉 → |φ7〉 → |a1〉|0〉 (see Fig. 3). The second,
third, and fourth steps give respectively the connections
|01〉|0〉 → |φ7〉 → |10〉|0〉, |a1〉|0〉 → |φ7〉 → |1a〉|0〉, and
|1a〉|0〉 → |φ7〉 → |01〉|0〉. We determine four atomic dark
states in the subspace H16 connected to the state |00〉|0〉
of the initial condition (1):
|φ16(1)〉 ∝ Ω(2)|N (1)1〉|1〉 − g(2)|N (1)L(2)〉|0〉 (8a)
|φ16(2)〉 ∝ g(1)g(2)
√
2|L(1)L(2)〉|0〉 − g(2)Ω(1)
√
2|1L(2)〉|1〉
−g(1)Ω(2)
√
2|L(1)1〉|1〉+Ω(1)Ω(2)|11〉|2〉 (8b)
|φ16(3)〉 = |N (1)N (2)〉|0〉, (8c)
|φ16(4)〉 ∝ Ω(1)|1N (2)〉|1〉 − g(1)|L(1)N (2)〉|0〉. (8d)
The state |00〉|0〉 is connected initially and finally to the
dark state |φ16(n)〉 at the nth step. The phase term of
the final state is equal to one: (i) the optical phase is
null since the populated atomic states are degenerate,
(ii) the dynamical phase is reduced to zero since the
eigenvalues associated to each dark state are null and
(iii) the geometric phase is equal to zero. Indeed, at
every time 〈φ′d(s)| dds |φd(s)〉 = 0 (|φ′d(s)〉 and |φd(s)〉 be-
ing two different or identical dark eigenstates) since for
|φ′d(s)〉 = |φd(s)〉, the phase of the lasers is constant dur-
ing each step and for |φ′d(s)〉 6= |φd(s)〉, the dark states
belong to orthogonal subspaces.
Since the dynamics follows atomic dark states, the ex-
cited atomic state is never populated (in the adiabatic
limit). Moreover, the projections of the dark states into
the excited cavity photon states can be made negligible
if g(i) ≫ Ω(i) [15]. In this case, the mechanism we pro-
pose is a decoherence-free method in the sense that the
process is not sensitive to spontaneous emission from the
4atomic excited states and to the lifetime of photons in
the optical cavity.
We present the numerical validation of the mechanism
proposed for the construction of the SWAP gate. We
show in Fig. 4, the time evolution of four initial states:
in (a) and (d) the population of the initial states |00〉|0〉
and |11〉|0〉 respectively stays in these states after the
interaction with the eight pulses, in (b) and (c) the pop-
ulation of the initial states |01〉|0〉 and |10〉|0〉 are ex-
changed. In (e), we show the Rabi frequencies associated
to each pulses. The laser Rabi frequencies are all chosen
of the form Ω(t) = Ωmaxe
−
(
t
Tp
)
2
. Since the four steps of
the mechanism can be seen as double-STIRAPs [13, 14],
each STIRAP involving one laser and the cavity, the am-
plitudes of the coupling must satisfy ΩmaxTp, gTp ≫ 1 to
fulfill the adiabatic conditions. The delay between two
pulses of the same step is chosen equal to 2 × 0.6Tp to
minimize the non-adiabatic losses [16]. Moreover, the
condition g ≫ Ωmax guarantees that the cavity mode
is negligibly populated during the interaction with the
pulses.
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FIG. 4: (Colour online) Numerical simulation exhibiting the
populations for the initial conditions: (a) |00〉|0〉, (b) |01〉|0〉
(c) |10〉|0〉 and (d) |11〉|0〉. The states which are populated
during the interaction with the pulses or between two steps
are indicated. (e) Rabi frequencies. The parameters used are
ΩmaxTp = 10, gTp = 25. The delay between two pulses of the
same steps is 1.2Tp.
IV. DISCUSSION
We notice that the two identical pulses Ω
(2)
0 used suc-
cessively in the first and second step can be replaced by
a single pulse. The process we propose then requires the
use of only seven adiabatic pulses.
As a realistic atomic level scheme, we consider the 23S1-
23P0 transition in metastable Helium, of linewidth Γ =
107 s−1 (see for instance [17]). The Rabi frequencies are
Ω ∼ 108
√
I s−1 with the field intensities I in W/cm2.
We obtain beyond the resonant approximation using the
polarizability an upper estimate for the Stark shifts (in
absolute value) as S ∼ 100I s−1. Taking into account the
loss of the intermediate state requires (ΩmaxTp)
2 ≫ ΓTp
for adiabatic passage, which is satisfied for ΩmaxTp ≫ 1
and Ωmax ≫ Γ. We use ΩmaxTp = 10 correspond-
ing to e.g. I = 104 W/cm2 and Tp = 1 ns, which
gives Ωmax ∼ 1010 s−1 and an estimate of the phases
SmaxTp ∼ 10−3 ≪ 2pi. They can therefore be neglected.
The swap method we have presented can be extended to
build a CNOT gate. The process is composed of six steps:
We first transfer the population of the state |1〉 of the
second atom in the ancillary state |a〉 by STIRAP using
two additional resonant laser field with the upper state
|u〉. The next four steps allow to interchange the popula-
tions of the states |10〉|0〉 and |1a〉|0〉 by a similar swap
method that the one shown in this paper. The last step
transfers back the population of the ancillary state |a〉 of
the second atom in the state |1〉. The population trans-
fers are realised by adiabatic passage along dark states.
We thus obtain a direct and decoherence-free method for
the creation of the CNOT gate that requires the use of
eleven pulses. In comparison to the method proposed in
Ref. [9], this technique does not use f-STIRAP (in which
the ratio of two pulses has to be controlled [16]). A spe-
cific system (such as Zeeman states) is not necessarily
required to guarantee the robustness of the technique.
V. CONCLUSION
In conclusion, we have proposed to use a mechanism
adapted to the construction of a specific gate instead of
relying on compositions of a large number of elementary
gates. We have illustrated this idea by the construction
of a SWAP gate in a system where all one-qubit gates
and the C-phase gate can be built. This technique re-
quires the use of a cavity and seven pulses in a double-
STIRAP configuration instead of twenty one pulses when
the SWAP gate is created from the composition of ele-
mentary gates. It is robust against variations of am-
plitude and duration of the pulses and of the delay be-
tween the pulses. Moreover, it constitutes a decohence-
free method in the sense that the excited states with
short life-times are not populated and the cavity mode
has no photon during the process. We conclude by notic-
ing that this technique allow one to entangle the qubits
on which it acts by manipulating the phase of the pulses.
5In this case, we get the composition of gates that could
offer interesting possibilities to execute rapidly quantum
algorithms in which this composition is required.
Work is in progress to generalize this fast method to
other gates. This requires other pulse sequences and in-
volves different dark states.
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